showed rearrangement in all three cases, indicating that this was a recurrent breakpoint in MALT lymphoma (FigThree cases of low-grade MALT lymphoma with t(1;14) (p22;q32) were studied. On the assumption that the ure 1B).
To identify the involved gene on chromosome 1p22, translocation breakpoint involved the IgH locus directly, both IgJH alleles from one case (G0186) were cloned the 5.5 kb PstI fragment was sequenced and showed a 255 bp region 4.6 kb upstream of JH6 with 100% identity using long-distance inverse PCR (LDI-PCR; Willis et al., 1997 Willis et al., , 1998 . Two products of 700 and 5500 base pairs to EST clone # 1184134. Genomic sequences immediately 5Ј of this potential exon had features of a promoter (bp) were obtained ( Figure 1A ). The sequence of the 700 bp allele showed a productive and mutated VH3-site and contained many potential protein-binding sites (accession number AJ006290). These data indicated a 20 rearrangement (data not shown), while the other allele contained sequences with no homologies to any known head-to-head configuration of the translocation (Figure 1A) . sequences beyond JH6. To confirm that this represented the translocation breakpoint, cosmids were isoBy a combination of DNA-database searching using dbEST (www.ncbi.nlm.nih.gov/dbEST) and reverse lated using single copy probes from this region and mapped back to chromosome 1p22 on normal metatranscription PCR methods, the full-length coding sequence of this gene was determined (accession number phases by fluorescent in situ hybridization (FISH; data within normal lymphoid tissue, in situ hybridization (ISH) was performed. Levels of Bcl10 expression were high The mouse Bcl10 gene was also cloned and sequenced (AJ006289); this was 91% identical to the huwithin germinal centers but much lower within the mantle zones of normal lymphoid follicles (Figure 3 ). MALT man gene ( Figure 2B ). BLAST searches revealed that Bcl10 contained a region with strong homology (47% lymphomas are thought to arise from marginal zone cells; marginal zone cells from normal Peyer's patches identity and 24.7% similarity over 97 amino acids) to an EHV-2 open reading frame (ORF), E10; Bcl10 therefore showed an intermediate level of Bcl10 expression. Insufficient suitable material was available to study the exappeared to be a cellular homolog of E10. This homology was limited principally to the CARD ( Figure 2B ). Bcl10 pression of Bcl10 in any of the three cases with t(1;14)(p22;q32) by Northern blot, but all three cases also had weaker homologies with the amino-terminal CARD of RAIDD (25% identity and 25% similarity); hoexpressed Bcl10 mRNA, as assessed by ISH (Figure 3) . However, all cases of B cell malignancy examined by mologies with other molecules involved in apoptosis that also contain CARDs were lower ( Figure 2C clones. In three clones (designated M106), this was the only mutation present. The consequence of this frameshift mutation was to induce premature termination of the ORF, resulting in a predicted protein of 168 amino acids ( Figure 5A ). In the most heavily mutated clone (M114), there were four other mutations, including a deletion of 11 amino acids (116-126) due to loss of a splice acceptor site at the boundary of the third coding exon ( Figure 5B and see below) , as well as two other point mutations within the CARD and another at codon 100. Most of the point mutations in this case of MALT lymphoma were A→G transitions consistent with IgVH gene somatic hypermutation. No mutations were detected in Bax and the TGF␤-RII genes that also contain mononucleotide repeats and are frequently mutated in diseases that exhibit microsatellite mutator phenotype (data not shown). performed transfections in which primary REFs received a transforming combination of oncoproteins (e.g., E1a ϩ ras, HPVE7 ϩ ras, mutant p53 ϩ ras) together with plasBcl10 Mutations in MALT Lymphoma with t(1;14)(p22;q32) mids encoding either wild-type Bcl10, E10, or tumorderived Bcl10 mutants. Transfection of each cooperatGiven that wild-type Bcl10 induced apoptosis, we examined case G0186 from which the translocation ing pair of oncogenes, in the absence of exogenous Bcl10 expression, generated numerous transformed breakpoint was cloned for mutations within the Bcl10 ORF. Using RT-PCR and DNA sequencing of cloned colonies that could be readily propagated as cell lines. Cotransfection of wild-type Bcl10 significantly reduced PCR products, 18 clones were sequenced. Two were normal, while 16 showed mutations within the coding the numbers of transformed colonies generated by each pair of cooperating oncogenes (Table 1) , in preparasearch for Bcl10 mutations in these cases, the genomic sequence and the exon/intron structure of the Bcl10 tion). A representative gel along with the derived sequences from one case of follicular B cell lymphoma coding region were determined and PCR primers designed to amplify the three coding exons from paraffin that showed two deletions within the coding region of exon 3 is shown in Figure 6B . The sequence abnormalisections. Mutations in all three cases with t(1;14)(p22; q32) were sought by PCR-SSCP. All showed abnormal ties in ten cases of MALT and follicular non-Hodgkin lymphoma in which the abnormal PCR-SSCP band was migrating bands consistent with mutation; different sections from different histological blocks from the same excised, successfully reamplified, and sequenced are shown in Table 2 . Truncating Bcl10 mutations were detumor showed different bands, indicating that in all three cases Bcl10 mutation was ongoing ( Figure 6A 
Wild-Type
Of the 32 mutations shown in Table 2 Figure 5C . 2 Two independent deletions within coding exon 3 were identified in this tumor (see Figure 6B ). 3 cDNA clones containing independent mutations (designated "a" and "b") were identified from these cell lines. 
, 1998). loss of normal regulatory controls. In situ hybridization
Bcl10 is the first CARD protein to be implicated in showed high-level expression in all three MALT lymphomalignancy. Its involvement is unusual in two regards. mas with the t (1;14)(p22;q32) , but comparable levels of expression were also seen in other lymphomas that First, there is at present no evidence to suggest that overexpression or deregulated expression of the wildHowever, coexpression of truncated mutants did not substantially affect the proapoptotic activity of wild-type type molecule might confer any survival benefit. Overexpression of Bcl10 in 293 cells resulted in apoptosis, Bcl10 under the conditions of our assay. While the possibility of transdominant inhibition cannot be excluded, it although the extent and rate at which apoptosis was induced was much less and slower than with deathseems likely that selection is for the loss of apoptotic activity and concomitant gain of proproliferative funcsignaling molecules such as TNFR1. Consistent with this was the efficient suppression of transformation of REFs tion in the truncated mutants rather than for abrogation of wild-type activity. In this regard, the mutants display by wild-type Bcl10. In contrast, although E10 induced a comparable degree of apoptosis as Bcl10 in 293 cells, some functional similarity to some p53 mutants, which, although unable to inhibit transdominantly the apoptotic in the REF assay it behaved like the Bcl10 mutants and markedly enhanced the number of transformed coloactivity of the wild-type protein, are nevertheless frequently selected in a wide range of human cancers, nies. The biochemical reasons underlying this difference between wild-type Bcl10 and E10 are not known, but B presumably as a result of their proproliferative activities (Gualberto et al., 1998). cell proliferation induced by E10 might allow EHV-2 viral persistence.
Finally, Bcl10 abnormalities were shown to be present in several subtypes of lymphoma other than MALT. In Second, Bcl10 appears to be unusually susceptible to mutation. These mutations principally consisted of follicular lymphoma, abnormalities of chromosome 1p22 have been associated with rapid progression and a poor either nucleotide insertion or deletion resulting in protein truncation, in most cases distal to the CARD. Interestprognosis (Tilly et al., 1994). However, Bcl10 mutations did not appear to be limited to malignancies of the ingly, the truncating mutation common to 10/16 mutated Bcl10 clones observed in the MALT lymphoma with the lymphoid lineages. Chromosome 1p22 has been shown to be consistently deleted in several other tumor types, t(1;14)(p22;q32), insertion T 499, was also detected in both mesothelioma and male germ cell tumor cell lines.
including 80% of mesothelioma and 40% of male germ cell tumors (Mathew et al., 1994) . So All three cases of MALT lymphoma with t(1;14)(p22;q32) exhibited Bcl10 mutation, and it appeared that this profar, our analysis of these diseases has been restricted to derived cell lines. However, given the high frequency cess was ongoing. Ongoing mutation is a feature of productively rearranged IgVH genes after a B cell has of Bcl10 mutations in these, but not other cell lines, it seems unlikely that Bcl10 is mutated solely as a conseencountered antigen, resulting in affinity maturation of antibody, but has also been seen in other genes in B quence of prolonged in vitro culture. visualized by silver staining. In some cases, the abnormal bands potassium ferriferrocyanide, 15 mM NaCl, 1 mM MgCl 2 , 0.5 mg/ml were excised from the gel and reamplified prior to sequencing in X-gal) for 4 hr. At least 300 ␤-galactosidase-positive cells were both directions. counted for each transfection (n ϭ 3) and identified morphologically as apoptotic or nonapoptotic.
Bcl10 cDNA and Genomic DNA Sequencing NF-B Reporter Assay
The Bcl10 ORF was amplified from reverse-transcribed poly(Aϩ) 293 cells were cotransfected in phenol-free DMEM with 1 g (except RNA using primers 5Ј-GGACCCGGAAGAAGCGCCATCTCC-3Ј and where indicated) of expression construct and 0.25 g of a secreted 5Ј-CATTAAAAATTAAAAGGCAATAAAGTG-3Ј and cloned into pCR2.1. placental alkaline phosphatase reporter construct pTK-cSPAP conIn MALT lymphoma case G0186, two separate RT-PCR amplificataining a minimal HSV tyrosine kinase promoter with or without four tions were performed and individual clones sequenced; both reaccopies of the NF-B response element GGAAAGTCCC, and 48 hr tions contained wild-type and mutant Bcl10 clones. Sequencing of posttransfection, 30 l of medium was removed and heated at 65ЊC the Bcl10-coding region from cell lines and cases with abnormally for 5 min. To this, 150 l diethanolamine (DEA) buffer (1 M DEA, 0.28 migrating SSCP bands was performed on amplified or cloned geno-M NaCl, 0.25 mM MgCl 2 ) containing 7 mM p-nitrophenyl phosphate mic PCR products using dRhodamine DNA polymerase (Perkin-(PNPP) was added and incubated at 37ЊC for 1 hr. The reaction was Elmer) according to manufacturer instructions. stopped by adding 75 l 2 M NaOH, and absorbance was then measured at 405 nm for each transfection (n ϭ 3).
